Abstract: Effects of heavy metals caused by urbanisation on soil nematode communities were investigated along an urban-suburban-rural gradient in southern Shenyang, China. The numbers of total nematodes increased significantly along the urban-rural gradient. Similar trends were observed in the values of Structure Index (SI), with lower values found in urban site and higher in the rural site. Generic richness and SI were sensitive indicators for assessing the effect of heavy metals on soil nematode communities. The Canonical Correspondence Analysis (CCA) indicated that Cu and Cation Exchange Capacity (CEC) were most important environmental parameters that influenced nematode distribution.
Introduction
Urbanisation is a complex process of converting rural land uses to urban land uses and has caused various effects on terrestrial ecosystems (Luck and Wu, 2002) . Urban soils tend to be highly modified in comparison with their natural counterparts (Pickett et al., 2001 ) through environmental effects, such as the urban heat island effect and heavy metal pollution (Oke, 1995) . With rapid urbanisation in many parts of the world, heavy metal pollution in the terrestrial environment has become widespread in a global context. Increasing heavy metal pollution from vehicular emissions, incinerators, industrial wastes and other activities has severely disturbed urban soil ecosystems and had continuous effects on the soil food web (Mireles et al., 2004) .
Nematodes are one of the most abundant groups of soil invertebrates (Fu et al., 2000) , representing a central position in the soil food web. Among soil fauna, nematodes possess many characteristics that make them ideal as bioindicators for soil health assessment (Bongers, 1990 ). Since they live in the soil pore water, they are assumed to be exposed to the contaminant concentration in the solution, which offers good perspectives for assessing the effects of contaminants (Bongers and Ferris, 1999) . Their fauna composition, together with its ecological indices, has emerged as a useful monitor of environmental conditions and soil ecosystem function (Neher, 2001) .
The effects of heavy metals on soil nematode communities have been studied in recent years in an agroecosystem treated with sewage sludge (Georgieva et al., 2002) , in an agricultural field after being artificially contaminated for seven years (Nagy et al., 2004) , in forest and agroecosystems near a metallurgical factory Zhang et al., 2007; Pen-Mouratov et al., 2008) and in a pasture polluted with Cu, Cr, As and Ni (Yeates et al., 2003) . These studies reported significant changes in the qualitative and quantitative characteristics of the nematode communities owing to the heavy metal pollution. In Northeast China, little information is available concerning the effects of heavy metals on soil nematode assemblages owing to the urbanisation. The objective of this study was to monitor soil nematode community response to heavy metal pollution along an urban-rural gradient.
Materials and methods

Experimental site and design
The study sites were situated in and around the city of Shenyang, the capital city of Liaoning Province of China, located on the alluvial plains of the Liaohe and Hunhe rivers, with a history of more than 2000 years of human occupation and about 7 million inhabitants in a total land area of 13,000 km 2 at the end of 2000. The average annual temperature of Shenyang is 7.0°C, the mean annual precipitation is 700 mm and the wind is predominately from southwest in summer.
The investigation was conducted at three sites in the Belt Park (41°46′ N, 123°26′ E), an urban site near the city centre of Shenyang, in the suburb (Hunhepu town (41°43′ N, 123°25′ E)) and in a rural area (Shenyang Experimental Station of Ecology (41°31′ N, 123°22′ E)) according to a pollution gradient of heavy metals. The soil at the study sites is a Haplic Luvisol. The urban site (parkland, dominated by Lepidium apetalum), suburb site (abandoned land, dominated by Artemisia Lavandulaefolia) and rural site (abandoned land, dominated by Artemisia Lavandulaefolia, Cephanoplos segetum) are 0, 10 and 35 km from the urban core, respectively.
Soil samples were collected from four replicates (10 × 10 m for each replicate) of each site at the depth of 0-10 cm on 25 April, 26 July and 25 October 2007. Each replication was composed of five soil cores. Soil samples (about 400 g for each) were placed in individual plastic bags and transported to a 4°C cold room. Some physicochemical properties of the studied soils are given in Table 1 . 
Soil chemical analysis
Total Cu, Zn, Pb and Cd contents were detected as the most important pollutants in study sites. Subsamples were air-dried, ground and passed through a 149 µm sieve for determination of total metals. Metals were extracted by digestion with HNO 3 -HClO 3 (3 : 1 v/v). Heavy metal concentrations were determined using the Atomic Absorption Spectrometry (AAS) method .
Nematode extraction and identification
Nematodes were extracted from 100 g subsamples by the cotton-wool filter method with minor modification (Oostenbrink, 1960) . Nematode populations were expressed as number of nematodes per 100 g of dry soil. At least 100 nematodes from each sample were identified to genus level using an inverted compound microscope.
Data analysis
Nematode genera were assigned to trophic groups according to Yeates et al. (1993) , and assigned to functional guilds. Ba x , Fu x , Ca x , Om x , H x (where x = 1-5) represent the functional guilds of nematodes that are bacterivores (Ba), fungivores (Fu) , carnivores (Ca), omnivores (Om) or herbivores (H) (Yeates et al., 1993) , where x represents its position along the Coloniser-Persister (CP) scale (1-5). The CP scale classifies nematodes into five groups according to their r and K characteristics following Bongers (1990) and Bongers and Bongers (1998) . Nematodes in the same functional guilds respond similarly to food web enrichment and to environmental perturbation. Ecological indices of nematode communities were calculated: (Simpson, 1949) . S is the total number of genera in each sample; p i is the proportion of individuals in the ith taxon.
• The ecological indices, including Enrichment Index (EI), Structural Index (SI), and Channel Index (CI), derived from nematode faunal analysis, provide useful bioindicators for disturbance of the soil environment and condition of the soil food web (Ferris et al., 2001 ).
The three ecological indices were calculated: EI = 100 × (e/(e + b)), SI = 100 × (s/(b + s)), CI = 100 (0.8 (Ferris et al., 2001) .
Nematode abundances were ln(x + 1) transformed prior to statistical analysis and expressed as numbers per 100 g dry soil. All the data obtained in the study were subjected to statistical Analysis of Variance (ANOVA). Differences at the P < 0.05 level were considered significant. The relationship between the community structure and environmental parameters was analysed by CCA using CANOCO software (ter Braak, 1988) .
Results
Soil properties
Among the three sampling sites, higher content of sand (41.92%) and lower content of clay (17.3%) were observed in the urban site in comparison with the other two sites. The content of total organic C and CEC showed an increasing trend along the urban-rural gradient, with lower values found in the urban site. Soil pH and the contents of Cu, Zn, Pb and Cd were significantly higher in the urban site than in the suburban and rural sites (P < 0.01) ( Table 1) .
Nematode community composition
The numbers of total nematodes significantly increased along the urban-rural gradient (P < 0.01) (Figure 1 ). They ranged from 193 to 1955 individuals per 100 g dry soil, with the highest number observed in the rural site in summer and the lowest in the urban site in autumn. Fifty-nine nematode genera were identified, including 18 bacterivores, 8 fungivores, 7 omnivores, 6 carnivores and 20 herbivores, belonging to 15 functional guilds (Table 2) . Of the 11 genera in the bacterivore of cp-2 guild, Acrobeloides (with mean percentage contribution to the community of 20.1%) predominated over the course of the investigation. Helicotylenchus (17.0%) and Paratylenchus (17.7%) dominated among the 15 genera in the herbivores of cp-2, 3 guilds. Fungivores of cp-2 guild were predominantly represented by Aphelenchus (16.6%). Significant differences in the abundance of functional guilds among seasons and sites were found for a number of trophic guilds (P < 0.01, Table 3 ). The numbers of omnivores of cp-4 guild were higher in the rural site than in the suburb and urban sites in summer and autumn, and the abundance of herbivores of cp-2, 3 guilds increased along the urban-rural gradient. Significant season and site effects and interactions of both (P < 0.01) were observed in the fungivores, omnivores and herbivores of cp-4 guilds and bacterivores of cp-2 guild (Table 3) . Table 2 Nematode functional guilds and genera present in this study (Yeates et al., 1993) where the guilds have the characteristics indicated by x on the CP scale (1-5) according to their r and K characteristics following Bongers (1990) and Bongers and Bongers (1998) .
Table 3
Abundance (individuals per 100 g dry soil) of nematode functional guilds along an urban-rural gradient during the study period
Nematode taxonomic and functional diversity
Between the two taxonomic diversity indices tested, significant season and site effects (P < 0.01) were observed in the values of generic richness (S), with higher values observed in the suburb site and lower in the rural site in spring and summer (Table 4) . Significant season effect and the interactions of season and site effects were observed in the values of Simpson index (λ) ( Table 4) . Among the functional diversity indices tested in the study, significant season and site effects (P < 0.01) were observed in the values of SI and EI (Table 4) . The values of SI were higher in the rural and suburb sites than in the urban site in summer and autumn, and those of EI were higher in the urban and suburb sites than in the rural site in spring (Table 4) . During the study period, no significant differences were found in the values of CI along the urban-rural gradient (Table 4) .
Effects of heavy metals on nematode community
The results of CCA based on the absolute numbers of each genus at the three sites are shown in Figure 2 . The environmental parameters were superimposed on the genera distribution ( Figure 2 ). The relative position of the arrows reflects the relationship of the axes with the environmental parameters. Eigenvalues for axes 1 and 2 were 0.167 and 0.124, respectively. The species-environment correlations were 0.923 for axis 1 and 0.951 for axis 2. Of the four metals, Cu had the maximum correlation with the genera distribution at the three sites, which explained 12% of the cumulative variance. The CCA diagram indicates that Cu and CEC were the most important environmental parameters and explained 26% of the cumulative variance together (Figure 2 ). Although Cd, Zn and the content of sand also played a very important role in structuring the nematode community, they were not as significant as the factors mentioned earlier (Figure 2) . All of the environmental parameters together explained 54% of the cumulative variance. Table 2 .
Discussion
Along the urban-rural gradient, soil pH and the contents of Cu, Zn, Pb and Cd showed a decreasing trend with higher values found in the urban site, and lower values observed in the suburban and rural sites. And, an opposite trend was found in the values of total organic C and CEC. Difference among cities including population density and industrial activities could have a large impact on the findings of individual studies (Chen et al., 2005) . Previous studies indicated that the extent of heavy metal pollution in urban areas varied across time (Pfeiffer et al., 1991) and location (Albasel and Cottenie, 1985) , and that increased levels of heavy metals in urban soils and decreasing trends of organic C and CEC might be related to the intensity of human activities and traffic volume (Zheng et al., 2002) , which might affect the soil food web directly or indirectly. The obtained results indicated that heavy metal pollution owing to the urbanisation negatively affected the composition of soil nematode communities. The numbers of total nematodes exhibited an increasing trend along the urban-rural gradient. Pouyat et al. (1994) reported lower densities of nematodes in urban soils than in rural soils. They concluded that observed changes in invertebrate densities were influenced by soil heavy metal concentrations. Our results were partially consistent with those of Sánchez-Moreno and Navas (2007) , who observed lower total nematode abundances in Cu, Zn and Pb polluted sites in comparison with a non-polluted control in a river basin.
Moreover, Korthals et al. (1996) reported that available Cu reduced the numbers of total nematodes in an arable field.
No significant effects of heavy metals were observed in the abundance of omnivores and carnivores of cp-5 guilds. The apparent low sensitivity might be due to the low abundances of such nematodes in most soils, which makes the detection of significant differences difficult. Pavao-Zuckerman and Coleman (2007) compared abundances of functional guilds in urban forest soils, and found that urban soils had lower abundances of omnivores and carnivores, which had the most sensitive responses to heavy metals. Georgieva et al. (2002) reported that omnivores and carnivores were reduced or eliminated in soil with high Cu and Zn contents. Their results suggest that K-strategists classified as persisters are the most sensitive nematodes to heavy metal pollution and their abundance decreases, or become extinct owing to pollution (Yeates et al., 2003) .
The abundances of herbivores of cp-2-3 guilds increased along the urban-rural gradient and the genera Basiria, Coslenchus, Filenchus, Dorylaimellus and Axonchium were negatively correlated with total Cu, Zn, Pb, Cd and positively correlated with CEC. Zhang et al. (2007) reported that the abundances of herbivores decreased along the polluted sampling sites and negatively correlated with total Cu and Zn in a corn field. It was known that the density of the herbivores could be related to biomass and vigour of plants (Yeates et al., 1993) . Bongers and Ferris (1999) reported that relatively low proportion of herbivores in Cu and Cd treatments may be in connection with the significantly reduced plant biomass on these plots.
Bacterivores and fungivores of cp-2 guild were greater than other functional guilds in the urban sites. Acrobeloides and Aphelenchus belonging to these guilds, which are tolerant to the heavy metals (r-strategists), might have benefited from the reduction of the sensitive functional guilds (Yeates et al., 2003) , such as the reduction of omnivores of cp-4-5 guilds in urban sites. Allen-Morley and Coleman (1989) demonstrated that lower omnivore abundances are able to significantly increase the populations of bacterivores and fungivores.
Generic richness (S), as indicated by the number of genera, reflects biodiversity of soil habitat. Our results are in contrast to the finding of Sánchez-Moreno et al. (2006) who reported a decrease in generic richness along the Guadiamar river basin. The relatively higher values of S in the urban sites might be because of the increase in some tolerant genera, such as bacterivores and fungivores of cp-2 guilds belonging to short-lived, relatively smaller sized R-strategists (Yeates et al., 1993) .
No significant effects were observed in the values of CI along the urban-rural gradient, which indicated that the different land uses did not affect the organic matter decomposition channels obviously. Our results were inconsistent with the findings of Pavao-Zuckerman and Coleman (2007) , who found that the CI tended to be greater in rural soils than in urban soils, suggesting that there is less fungal dominance in the soil food web of urban soils. Sánchez-Moreno and Navas (2007) found in a river basin that CI was higher in the polluted area than in the unpolluted soil owing to the greater abundance of fungivores and the lower number of bacterivores in the polluted soil. These discrepancies might be due to differences in soil properties of the ecosystems we studied.
The values of SI were significantly higher in the rural and suburb sites than in the urban site at some sampling dates. These results suggest that urban land use might disturb the soil food web by decreasing the abundances of functional guilds with higher CP values. Sánchez-Moreno and Navas (2007) reported that total Cu, Zn, Pb and Cd significantly decreased the values of SI and EI in the Guadiamar river basin owing to lower abundances of carnivores of cp-5 and omnivores of cp-4 guild. The reduction or elimination of the carnivores and omnivores in soils contaminated with heavy metals indicates a reduction in the complexity of the soil food web and a shortening of the food chains, which may cause a decrease in the values of SI (Georgieva et al., 2002) . However, Pavao-Zuckerman and Coleman (2007) reported that SI and EI were not significantly affected by heavy metals in Asheville. These differences may be due to different contamination levels between the two studies; Asheville, being a small city, tended to be less impacted by pollution than larger cities (Pavao-Zuckerman and Coleman, 2007) .
Conclusion
Soil heavy metal pollution induced by the urbanisation had adverse effects on the composition of soil nematode communities. Among the nematode ecological indices examined, S and SI were found to be useful indicators for assessing the effects of heavy metals on soil nematode communities along an urban-rural gradient. Further studies in different urban places with different environmental effects are needed to utilise nematode community assemblage as a bioindicator of soil conditions.
